STING gain-of-function mutations cause lung disease and T cell cytopenia through unknown mechanisms. Here, we found that these mutants induce chronic activation of ER stress and unfolded protein response (UPR), leading to T cell death by apoptosis in the Sting N153S/+ mouse and in human T cells. Mechanistically, STING-N154S disrupts calcium homeostasis in T cells, thus intrinsically primes T cells to become hyperresponsive to T cell receptor signaling-induced ER stress and the UPR, leading to cell death. This intrinsic priming effect is mediated through a novel region of STING that we name "the UPR motif," which is distinct from known domains required for type I IFN signaling. Pharmacological inhibition of ER stress prevented Sting N153S/+ T cell death in vivo. By crossing Sting N153S/+ to the OT-1 mouse, we fully restored CD8 + T cells and drastically ameliorated STING-associated lung disease. Together, our data uncover a critical IFN-independent function of STING that regulates calcium homeostasis, ER stress, and T cell survival.
Introduction
Innate immune recognition of invading pathogens is the first line of defense in mammalian cells that activates type I IFN and inflammatory responses. One important protein that plays a central role in sensing a wide range of microbial pathogens is stimulator of IFN genes (STING). STING is a transmembrane protein localized on the ER. STING is best known as the nonredundant adaptor protein downstream of cytosolic DNA sensing (of DNA viruses and retroviruses; Yan et al., 2010; Gao et al., 2013; Sun et al., 2013) . The DNA sensor cyclic GMP-AMP synthase (cGAS) binds double-stranded DNA and converts ATP and GTP into 2939 cyclic GMP-AMP (cGAMP). cGAMP acts as a second messenger that binds STING on the ER and triggers IFN signaling Wu et al., 2013) . STING is also critical for direct sensing of bacterial cyclic dinucleotide (CDN; Burdette et al., 2011) . The cGAS-STING pathway has also been implicated in several monogenic autoimmune diseases, such as AicardiGoutières syndrome, caused by defective nucleases such as TREX1/DNase III and RNaseH2 (Pokatayev et al., 2016; Yan, 2017) .
Besides its role in antimicrobial defense, several gain-offunction mutations in TMEM173 encoding STING have been reported in STING-associated vasculopathy with onset in infancy (SAVI) as well as in patients with systemic lupus erythematosus-like syndromes or familial chilblain lupus (Jeremiah et al., 2014; Liu et al., 2014; König et al., 2017; Melki et al., 2017) . We and others showed that these mutations constitutively activate STING trafficking and signaling independent of ligand binding (Dobbs et al., 2015; Melki et al., 2017) . We also generated a heterozygous Sting-N153S (N154S in human STING) knock-in mouse as a model for SAVI (Warner et al., 2017) . These mice spontaneously develop inflammation in the lung, T cell cytopenia, and premature death, closely mimicking pathological findings in human SAVI patients. Another gain-of-function mutant mouse, Sting-V154M (V155M in human STING), also develops severe immunodeficiency (Bouis et al., 2018) . We showed that, surprisingly, Sting-N153S mice lacking IRF3 also develop lung disease and T cell cytopenia, which suggested an unknown IRF3/IFN-independent function of STING in SAVI disease pathogenesis, at least in the mouse. Interestingly, a large portion of the STING protein is evolutionarily conserved in most animal phyla, including unicellular organisms, although the C-terminal tail required for tank-binding kinase 1 (TBK1) and IRF3 binding and IFN signaling is only present in vertebrate and mammals (Margolis et al., 2017 ). An IFN-independent function of STING has not been well defined.
Here, we investigated the mechanism by which STING gainof-function mutant causes T cell death and lung disease. We uncovered a critical IFN-independent function of STING, mediated through a previously uncharacterized motif, which regulates calcium homeostasis, ER stress, and T cell survival. We also found that TCR signaling synergizes with ER stress in the Sting N153S/+ mouse, leading to T cell death, inflammation, and lung disease. Thus, our study reveals an important new function of STING signaling in balancing life and death decisions of a T cell during development, with broad implications on immune and tissue homeostasis.
Results
Gain-of-function STING mutation causes T cell activation and cell death in the Sting N153S/+ mouse To understand how Sting-N153S knock-in mutation in mice causes T cell cytopenia, we first assessed whether T cells in the Sting N153S/+ mouse undergo spontaneous cell death. We previously showed that Sting N153S/+ mice contain significantly fewer T cells in the spleen as well as substantially reduced thymus size compared with littermate WT mice (Warner et al., 2017) . To analyze the remaining T cells in Sting N153S/+ mice, we stained CD3 + T cells from the spleen for annexin V or activated caspases (using the CaspACE FITC-VAD-FMK dye) to measure cell death by FACS. Sting N153S/+ CD3 + T cells showed substantially increased staining for both cell death markers compared with littermate WT T cells (Fig. 1 A) . Both cell death markers were also significantly increased in CD4 + and CD8 + Sting N153S/+ compared with littermate WT T cells (Fig. 1 A) . We next analyzed biochemical markers of apoptosis in WT and Sting N153S/+ T cells, which showed a strong presence of cleaved caspase 3 in Sting N153S/+ but not WT T cells (Fig. 1 B) . Caspase activation is associated with BH3-only protein expression, among which BCL2 is an antiapoptotic member, whereas Noxa and Bik play pro-apoptotic roles. We found that Bcl2 mRNA expression was significantly decreased while Noxa and Bik mRNA expressions were significantly increased in Sting N153S/+ compared with WT T cells (Fig. 1  B) . These data suggest that T cells in Sting N153S/+ mice are undergoing spontaneous cell death.
To Fig. 1 D) . CD44 hi T cells from Sting N153S/+ mice also were positive for activated caspases ( Fig. 1  E) , suggesting that these activated T cells are undergoing cell death. We next evaluated how WT and Sting N153S/+ T cells respond to TCR signaling ex vivo. WT T cells underwent rapid proliferation after CD3/CD28 antibody stimulation, whereas Sting N153S/+ T cells did not proliferate and instead engaged in cell death (Fig. 1 F and G) . Moreover, WT T cells treated with STING agonist 5,6-dimethylxanthenone-4-acetic acid (DMXAA; a cellpermeable small molecule) also failed to proliferate and engaged in cell death after CD3/CD28 antibody stimulation ( Fig. 1 H and  I ). Taken together, these observations suggest that Sting N153S/+ T cell death is associated with T cell activation and proliferation, and additional TCR stimulation further enhances N153S T cell death. Activated caspases were selectively detected in activated but not naive Sting N153S/+ T cells within the same population, suggesting a cell-intrinsic mechanism for Sting N153S/+ T cell activation and cell death.
Chronic activation of ER stress in Sting N153S/+ T cells The above observations prompted us to hypothesize that T cell activation by TCR signaling promotes T cell death in Sting N153S/+ mice. TCR signaling not only activates T cell but it also induces ER stress and the unfolded protein response (UPR; Pino et al., 2008) , and prolonged ER stress can prime cells to commit cell death. We therefore performed Western blot to detect UPR proteins in total splenic T cells from WT and Sting N153S/+ mice. Remarkably, we found that multiple UPR proteins such as Bip and Chop were strongly elevated in Sting N153S/+ compared with WT T cells (Fig. 2 A) (Fig. 2  A) . Of note, WT B cells expressed surprisingly high basal levels of UPR proteins for unknown reasons. In accordance with the ER stress phenotype, we detected a strong signal of cleaved caspase 3 only in T cells as well as a detectable but much less robust signal in B cells and no caspase 3 cleavage in macrophages (Fig. 2  A) . We also did not observe increased UPR proteins in Sting N153S/+ monocytes ( Fig. S1 A) , Sting N153S/+ MEFs, or STING N154S skin fibroblasts isolated from two independent SAVI patients ( Fig. 2 B) . We next analyzed various mouse tissues, and only spleen showed elevated UPR and caspase 3 cleavage in Sting N153S/+ compared with WT mice (Fig. S1 B) . These results demonstrate that T cells are selectively affected by Sting-N153S-mediated UPR activation and cell death.
We next stimulated WT and Sting N153S/+ T cells with CD3/ CD28 antibodies and evaluated UPR and caspase activation by Western blot. CD3/CD28 antibody stimulation of WT T cells activated the UPR (as measured by increased expression of Bip, Chop, and p-IRE1) but not caspase 3 cleavage (compare lane 1 and 3; Fig. 2 C) , suggesting that WT T cells can tolerate TCR signaling-mediated ER stress and avoid cell death. Of note, the extents of UPR protein expression in WT T cell stimulated with CD3/CD28 antibodies were still lower than those in untreated Sting N153S/+ T cells (compare lane 2 and 3; Fig. 2 C) . When Sting N153S/+ T cells were stimulated with CD3/CD28 antibodies, UPR proteins did not further increase, which likely had reached maximal levels, and we detected increased caspase 3 cleavage. These data indicate a synergistic effect of TCR signaling and ER stress associated with Sting N153S/+ in balancing proliferation and cell death decisions in T cells.
To examine whether reducing ER stress pharmacologically in Sting N153S/+ T cells can prevent cell death, we first treated WT and (C-E) FACS analysis of WT and Sting N153S/+ mouse T cell activation and cell death. Fresh isolated splenocytes from Sting N153S/+ or WT littermate mice were stained with CD4 and CD8 antibodies and T cell activation markers CD69 (C), activation marker CD44 and CD62L (D), or activation marker CD44 and cell death marker caspase (CaspACE FITC-VAD-FMK; E), then analyzed by FACS. (F and G) FACS analysis of mouse T cell proliferation and cell death. Sting N153S/+ or WT littermate mouse splenocytes were stained with CFSE first, then either mock treated or stimulated with CD3/CD28 antibodies for 3 d. The cell proliferation of CD8 + T cells was analyzed by CFSE dilution (F). In separate experiments, splenocytes were stimulated with or without CD3/CD28 antibodies for 1 d, then CD4 + or CD8 + T cells were analyzed by annexin V staining (G). (H and I) FACS analysis of T cell proliferation and cell death after STING agonist DMAXX treatment. WT splenocytes were stained with CFSE first, then either mock treated or stimulated with DMXAA in the presence or absence of CD3/CD28 antibodies for 3 d. CD8 + T cell proliferation was analyzed by CFSE dilution as in F. Annexin V staining of CD4 + or CD8 + T cells was also done similar to G. Error bars, SEM. **, P < 0.01; ***, P < 0.001; ns, not significant. Student's t test. Data in all panels are representative of at least three independent experiments.
Sting
N153S/+ T cells with tauroursodeoxycholic acid (TUDCA), a chemical chaperon that relieves ER stress, or a pan-caspase inhibitor QVD-OPH in the presence or absence of CD3/CD28 antibodies. Both TUDCA and QVD-OPH treatments protected Sting N153S/+ T cells from cell death by CD3/CD28 antibody stimulation, and QVD-OPH also increased survival of resting Sting N153S/+ T cells (Fig. 2 D) . We next treated 6-8-wk-old Sting N153S/+ mice with TUDCA or QVD-OPH by i.p. injection (three times per wk for 2 wk) and analyzed T cells in the peripheral blood (Fig. 2 E) . Sting N153S/+ peripheral blood contains very low levels of CD4 + and CD8 + T cells. Both TUDCA and QVD-OPH significantly increased T cells in Sting N153S/+ peripheral blood after 2 wk of treatment; in some cases, CD8 + T cells rebounded to the WT level (Fig. 2 E) . These data suggest that gain-of-function STING mutation-associated T cell death is mediated through chronically activated ER stress and the UPR and that pharmacological inhibition of ER stress could be an exciting avenue of therapy for SAVI.
Human STING-N154S primes T cell death through ER stress To further dissect the cell-intrinsic molecular mechanism in human cells, we reconstituted the STING-N154S-induced T cell + and CD8 + T cells in mouse peripheral blood (PB). Sting N153S/+ mice were i.p. injected with PBS, TUDCA (250 mg/kg, three injections per wk), or QVD-OPH (10 mg/kg, three injections per wk). T cells from the peripheral blood were analyzed after 14 d. n = 8-10. Error bars: SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Student's t test. Data shown are from a representative dataset from two repeat treatment experiments.
death phenotype in human Jurkat T cells (hSTING N154 is the corresponding residue for mSting N153). We transduced WT Jurkat T cells with a lentivirus vector that allows doxycycline (Dox)-inducible expression of either Flag-tagged STING-WT or STING-N154S mutant at physiological levels comparable to the endogenous WT STING (N154S-low; Fig. S2 A, "N154S cells" below). Inducible expression of N154S at the physiological level did not activate detectable IFN or apoptotic signaling pathways in Jurkat T cells, whereas conventional overexpression activated both (Fig. S2, A and B) . The lack of IFN signaling activation in Jurkat N154S cells mimics that of the Sting N153S/+ mice (Warner et al., 2017) .
We hypothesized that N154S expression may intrinsically prime Jurkat T cells for cell death after TCR activation. Thus, we treated STING-WT and N154S cells (induced by Dox) with PMA +ionomycin (mimics TCR activation), and we used IncuCyte and a live-cell imaging-compatible caspase 3/7 dye to monitor cell death kinetics over time (see Materials and methods). PMA +ionomycin induced robust cell death only in N154S-expressing cells but not in vector or STING-WT-expressing cells (Fig. 3 A) . We previously showed that Sting N153S/+ mice develop T cell cytopenia independent of IRF3 (Warner et al., 2017) . STINGmediated IRF3 activation requires S366 residue . We thus further introduced S366A mutation to generate N154S/S366A double mutant to eliminate possible IRF3 activation by N154S. Similar to N154S, N154S/S366A expression also enhanced PMA+ionomycin-induced cell death (Fig. 3 A) . The maximal extent of cell death observed in N154S/S366A cells is lower than that in N154S cells, suggesting a partial contribution of IRF3 in Jurkat T cell death in vitro. We also treated Jurkat cells expressing various STING mutants with CD3/CD28 antibodies, and again we observed increased cell death in N154S and N154S/ S366A cells but not in STING-WT cells (Fig. S2, C and D) . Together, these results suggest that the physiological level of STING-N154S expression intrinsically primes Jurkat T cells for apoptotic cell death when exposed to TCR signaling.
We next analyzed the relationship of TCR signaling, ER stress, and cell death. WT Jurkat T cells stimulated with PMA +ionomycin rapidly induced expression of UPR genes such as GADD34, BIP, and CHOP without activating cell death (Fig. S2 E) . We next treated STING-WT or N154S Jurkat T cells with PMA +ionomycin. While STING-WT or N154S alone did not induce any UPR gene expression at baseline, N154S, but not STING-WT, significantly augmented expression of multiple UPR genes after PMA+ionomycin treatment (Fig. 3 B) . We next pretreated STING-N154S cells with ER stress inhibitor TUDCA, which significantly reduced UPR gene expression in PMA+ionomycin-treated N154S cells (Fig. 3 C) . TUDCA also prevented cell death in a dose-dependent manner in PMA+ionomycin-treated N154S cells as well as in N154S/S366A cells (Fig. 3, D and E) . Another ER stress inducer thapsigargin (Tg) triggers ER calcium depletion, then ER stress. Combined Tg treatment and N154S or N154S/ S366A expression, but not STING-WT expression, led to a drastic increase in cell death, suggesting a synergistic effect of ER stress and N154S expression in causing T cell death (Fig. 3 F and Fig. S2 F) . Tg also induced N154S/S366A cell death in a dosedependent manner, indicating that the synergistic effect is independent of the STING-IRF3/IFN axis and dependent on the amount of ER stress (Fig. S2 G) . These data suggest that TCR signaling induces ER stress but not immediate cell death; STING-N154S expression further augments ER stress, thus tipping the balance toward cell death.
Previous studies showed that small-molecule STING agonists such as 10-carboxymethyl-9-acridanone or DMXAA induce apoptosis in T cells Larkin et al., 2017) . We next examined whether DMXAA can also synergize with TCR signaling in inducing T cell death. We treated primary mouse T cells with a high-dose DMXAA that causes substantially increased T cell death compared with mock when administered alone and a low-dose DMXAA that does not. When CD3/CD28 antibodies were combined with DMXAA to treat the T cells for 24 h, we indeed observed a synergistic effect only with the lowdose DMXAA condition (Fig. 3 G) . This synergistic effect of DMXAA (low dose) with TCR signaling in causing T cell death was further augmented when we extended the DMXAA stimulation time up to 3 d (Fig. 3 H) and was dependent on Sting ( Fig. 3 H) . In concordance with this, combined treatment of DMXAA with CD3/CD28 antibody treatment (but not DMXAA alone) induced strong UPR gene expression (Fig. 3 I) . These data suggest that extended suboptimal activation of STING by a ligand mimics gain-of-function mutation and both synergize with TCR signaling in causing ER stress and T cell death.
A novel STING motif and critical residues that regulate ER stress and the UPR Based on our data thus far, we reasoned that STING-mediated ER stress and the UPR may be mediated through a novel motif distinct from the known TBK1-IRF3 binding domain required for IFN signaling. We used HEK293T cells that do not express detectable levels of endogenous cGAS or STING proteins (thus they are commonly used for STING functional domainmapping studies). We cotransfected cGAS and STING into HEK293T cells to transiently activate STING signaling. Then, we measured IFN and UPR gene expression. cGAS and STING coexpression potently activated IFNB mRNA expression as expected. We also observed strong up-regulation of ATF3 and GADD34 mRNA expression, which are markers of ER stress and the UPR (Fig. 4 A) .
We next used endogenous GADD34 and IFIT1 mRNA expression as main readouts for STING-mediated UPR and IFN response, respectively. STING contains a multi-pass transmembrane domain (TM) on the N terminus (required for ER localization), the CDN binding domain (CBD) in the middle (required for CDN binding), and the C-terminal tail (CTT) domain at the C terminus (required for TBK1 and IRF3 binding and activation of IFN signaling; see diagrams in Fig. 4 B) . Deletion of TM, CBD, or CTT individually or in combination completely abolished STING-mediated IFN signaling as expected (Fig. 4 C and Fig. S3 A) . In contrast, we found that CTT deletion (the TM-CBD construct or aa1-343) did not affect GADD34 induction, suggesting that a distinct motif in TM-CBD is required for STING-mediated UPR (Fig. 4 C) . STING-S366A mutant also blocked IFN signaling but remained active for inducing GADD34 expression (Fig. 4 C) , consistent with UPR being independent of IRF3-IFN signaling axis as well as with our observations in reconstituted Jurkat cells.
Based on the crystal structure of STING C terminus (Zhang et al., 2013) , the CBD contains the main CDN binding pocket plus an extra helix, aa322-343, that appears to be untethered to the rest of the structure on the exterior of the STING dimer (Fig. 4 D) . This motif (helix aa322-343, called the "the UPR motif") is also highly evolutionarily conserved, whereas the CTT is not (Fig. 4 D) . We thus further trimmed off helix aa322-343 from the TM-CBD construct (1-343) to generate 1-322, which completely abrogated STING-mediated GADD34 induction (Fig. 4 E and Fig. S3 B) . Internal deletion of helix aa322-343 in fulllength STING (Δ322-343) also abrogated STING-mediated GADD34 induction (Fig. 4 E) .
It has been reported that the miniCTT motif (aa343-354) is required for STING-mediated inhibition of T cell proliferation through regulation of NF-κB signaling (Cerboni et al., 2017) . Due to the close proximity of the UPR motif (aa322-343) and the miniCTT motif (aa343-354), we next compared their roles in regulating UPR, IFN, and NF-κB signaling. Internal deletion of the UPR motif (Δ322-343) abrogated all three signaling pathways (Fig. 4 F) . In contrast, internal deletion of the miniCTT motif (Δ343-354) only abolished IFN signaling but did not affect STING-mediated UPR and NF-κB signaling (Fig. 4 F and Fig. S3  C) . Both the UPR motif and the miniCTT motif were essential for STING-N154S-induced NF-κB signaling (ligand-independent activation), albeit weak overall, consistent with the previous report (Cerboni et al., 2017) ; when coexpressed with cGAS (ligand-dependent activation), only deletion of the UPR motif, but not deletion of the miniCTT motif, abolished NF-κB activation (Fig. S3 D) . Together, our results demonstrate that aa322-343 (the UPR motif) is essential for STING-mediated UPR and NF-κB signaling activation in both a ligand-dependent and -independent manner.
To further pinpoint functional residues within the UPR motif and eliminate concerns of the deletion approach, we mutated two positive charged arginine residues that are exposed on the exterior surface of the STING dimer-thus, they are likely to be engaged in external interactions (Fig. 4 E) . R331A/R334A (RRAA) had no effect on STING-mediated IFN response, while partially reduced GADD34 induction (Fig. 4 E) . R331D/R334D (RRDD) completely abrogated STING-mediated GADD34 induction, with partial impact on IFN signaling (Fig. 4 E) . To substantiate, we confirmed these mapping studies with another UPR target gene, ATF3, as readout. STING WT and TM-CBD are fully active for ATF3 induction, whereas Δ322-343 or RRDD mutation completely abrogated ATF3 induction (Fig. S3 E) . In conclusion, these structural and functional analyses demonstrate that IFN and the UPR are mediated through distinct domains of STING, and that helix aa322-343, specifically residues R331 and R334, is critically required for STING-mediated UPR.
STING ER-to-Golgi translocation is critical for inducing ER stress and T cell death To determine the role of the UPR motif in N154S-mediated T cell death, we next introduced RRDD mutations into the N154S construct and established a Jurkat T cell line with inducible expression of N154S/RRDD. N154S-mediated induction of UPR genes was completely abolished by further RRDD mutations after PMA+ionomycine treatment (Fig. 5 A) . In IncuCyte experiments, N154S/RRDD expression also failed to enhance cell death after PMA+ionomycine or Tg treatment (Fig. 5 B) . We next assessed STING WT and mutants' localization by stable expression in MEFs that allow more detailed subcellular microscopy. WT STING localizes to the ER, and N154S localizes to the ERGolgi intermediate compartment then Golgi as expected (Dobbs et al., 2015) . Interestingly, N154S/RRDD localizes to the ER similar to WT STING, suggesting that ER-to-Golgi translocation of N154S is critical for inducing ER stress and the UPR (Fig. 5 C) . The ER calcium sensor STIM1 was recently shown to moonlight as an anchor for STING localization to the ER (Srikanth et al., 2019) . STIM1 or its N-terminal STING-interacting domain inhibits STING-N154S trafficking and signaling. To corroborate with the N154S/RRDD finding, we ectopically expressed STIM1 (aa1-249) in Jurkat N154S cells to block STING trafficking, and we found that it also significantly reduced ER stress and cell death (Fig. 5 D) . Together, these data demonstrate that the UPR motif of STING, specifically R331 and R334, is required for N154S ER-to-Golgi translocation, which is critical for activation of the UPR and T cell death.
STING-N154S disrupts ER calcium homeostasis
The increased sensitivity to Tg-and PMA/ionomycin-induced ER stress (both deplete the ER calcium store) prompted us to further investigate ER calcium homeostasis in N154S cells. Depletion of ER Ca 2+ store activates Ca 2+ influx across the plasma membrane (PM), a process known as store-operated Ca 2+ entry, which maintains ER Ca 2+ homeostasis and is essential for a wide array of cellular functions (Prakriya and Lewis, 2015) . We used a live-cell microscopy technique with an intracellular calcium dye to monitor and quantify calcium flux in cells. We first treated Jurkat T cells expressing STING WT or mutants with Tg to (Fig. 6  A) . In contrast, N154S significantly reduces both Tg-induced Ca 2 + release from the ER as well as Ca 2+ influx after add-back, indicating dysregulated calcium homeostasis (Fig. 6 A) . Remarkably, N154S/RRDD restores calcium homeostasis to WT levels. Using primary T cells isolated from littermate WT and Sting N153S/+ mice, we again observed that Sting N153S/+ T cells exhibited defective ER Ca 2+ release as well as influx compared with WT T cells (Fig. 6 B) .
To further evaluate the relationship between ER Ca 2+ signaling and ER stress and their respective synergy with STING-N154S, we compared Tg, which induces ER stress through depleting ER Ca 2+ store and activating Ca 2+ signaling, and tunicamycin (Tm), which induces ER stress through inhibiting N-linked glycosylation. We first confirmed their respective effect on Ca 2+ signaling and ER stress. We used NFAT-Luc reporter as a readout for Ca 2+ signaling (Zhang et al., 2016) and Bip and Chop mRNA expression as readouts for ER stress. Both Tg and Tm treatment activated ER stress, and only Tg, but not Tm, treatment activated Ca 2+ signaling (Fig. 6, C and D) . The Ca 2+ signaling is specific because cyclosporine A (CsA, a calcineurin inhibitor) treatment abrogated Tg-induced Ca 2+ signaling (Fig. 6 D) . We next treated vector or N154S-expressing Jurkat T cells with mock, Tg, or increasing amounts of Tm and measured ER stress and cell death. Tm treatment induced significantly less cell death compared to Tg, despite incurring similar or more ER stress (Fig. 6, E and F) . Our experiments thus far demonstrated that N154S synergizes strongly with TCR and Tg, which induce ER stress through calcium signaling. Together with the calcium flux defect observed in N154S cells, we conclude that dysregulated calcium signaling is the main contributing factor for N154S-mediated cell death.
The OT-1 allele restores CD8 + T cells in Sting N153S/+ mouse Our data thus far suggest that Sting-N153S renders T cells hyperresponsive to TCR signaling-induced ER stress, thus engaging the cell death pathway. We showed that inhibiting ER stress or caspases in vivo reduced T cell death (Fig. 2 E) . Next, we wanted to test the role of TCR signaling in vivo. Both Tcra and Tcrb knockout mice are already severely deficient in T cells, making it difficult to rescue the T cell-deficient phenotype in Sting N153S/+ mice. A previous study showed that the OT-1 allele can rescue T cell death associated with chronic ER stress in mice (Kamimura et al., 2015) . Thus, we crossed Sting N153S/+ to the OT-1 mouse that carry altered TCR locus in CD8 + T cells. We first analyzed ER stress markers in WT, OT-1, Sting N153S/+ , and OT-1 T cells reduced both UPR proteins to WT levels (Fig. 7 A) . Sting N153S/+ OT-1 CD8 + T cells completely abolished caspase activation and cell death compared with Sting N153S/+ CD8 + T cells (Fig. 7 B, Fig. S4 A, and Fig S5 B) . Sting N153S/+ OT-1 also completely restored CD8 + T cell numbers in both spleen and peripheral blood (Fig. 7 C and Fig. S4 C) (Fig. S4 D) . We did not observe any rescue of CD4 + T cells in Sting
OT-1 mice, because OT-1 mice are also deficient in CD4 + T cells ( Fig. 7 C and Fig. S5 ). We also found that Sting N153S/+ OT-1 T cells were fully switched to the naive state in contrast to the activated state of Sting N153S/+ T cells (Fig. 7 D) . When treated with CD3/CD28 antibodies ex vivo, both Sting N153S/+ and Sting
N153S/+
OT-1 T cells failed to proliferate, while WT and OT-1 T cells proliferated normally (Fig. 7 E) . CD3/CD28 antibody treatment also triggered ER stress and cell death only in Sting N153S/+ and Sting
OT-1 T cells (Fig. 7, F and G) . Taken together, our results demonstrated that altering CD8 TCR by crossing to the OT-1 mice reduces ER stress and cell death signaling associated with Sting-N153S, thus restoring CD8 + T cells.
Restoring CD8 + T cells reduces inflammation and lung disease in the Sting
N153S/+ mouse Besides T cell cytopenia, SAVI patients also present with inflammation and lung disease, both of which are recapitulated in Sting N153S/+ mice (Warner et al., 2017) . We therefore analyzed spleen, lung, and serum cytokines of WT, OT-1, Sting N153S/+ , and Sting N153S/+ OT-1 mice. Sting N153S/+ mice have enlarged spleen, which was significantly reduced in size and splenocyte numbers in Sting N153S/+ OT-1 mice (Fig. 8 A) . Histopathological analysis of the lung showed that Sting N153S/+ OT-1 mice have less severe perivascular inflammation in the lung compared with agematched Sting N153S/+ mice (Fig. 8 B) . We also observed that several inflammatory cytokines, such as IL-6, IL-2, IL-17, and RANTES, are significantly elevated in serum of Sting N153S/+ mice and reduced in serum of Sting N153S/+ OT-1 mice (Fig. 8, C and D) . These data demonstrate an important role for CD8 + T cells in Sting N153S/+ disease pathogenesis.
Discussion
In this study, we investigated the molecular mechanism by which STING-N154S mutation (N153S in mouse Sting) causes T cell death and revealed a novel function of STING in regulating calcium homeostasis and ER stress. To cause T cell death, STING-N154S synergizes with CD3/CD28, comparing the indicated group with the vector control group. (D) The crystal structure of STING C terminus (4EF5) with key functional residues highlighted. Alignment of the UPR motif and CTT of STING homologs across different specifies are shown below. Error bars: SEM; *, P < 0.05; **, P < 0.01; ***, P < 0. NFAT-Luc reporter assay in HEK293T cells treated with Tg or Tm. HEK293T cells were transfected with NFAT-Luc and TK-Renila Luc (control) plasmids for 12 h, then treated with Tg or Tm with and without cyclosporine A (CsA). Dual-luciferase activity was measured 16 h after treatment. (E and F) UPR gene expression and cell death analysis of N154S Jurkat T cells treated with Tg or increasing concentrations of Tm. N154S Jurkat T cells were stimulated with fixed amount Tg (20 nM) and increasing concentrations of Tm (range, 0.0625-1 μg/ml). UPR gene expression was measured by qRT-PCR (E). Cell death was measured 48 h after treatment (F). Error bars: SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.005. Student's t test. Data shown are representative of at least three independent experiments. . Total splenocytes were stained for CD8 and cell death markers as in Fig. 1 A. (C) T cell population analysis of indicated mouse strains. Total splenocytes isolated from the indicated mouse strains were stained for CD4 and CD8. Representative FACS plots are shown on the left, and CD8 + T cell percentages and cell numbers are summarized on the right. (D) T cell activation analysis of indicated mouse strains. Total splenocytes isolated from indicated mouse strains were stained for CD8, CD44, and CD62L. Representative FACS plots are shown on the left, and CD44 hi (antigen experienced or activated) in the CD8 + population are summarized on the right. (E) T cell proliferation analysis of indicated mouse strains. Total splenocytes were isolated from indicated mouse strains and stained with the CFSE dye. Then, cells were stimulated with CD3/CD28 antibodies for 3 d. CFSE dilution in the CD8 + T cell population was analyzed by FACS. A representative set of CFSE dilution plots is shown on the top, and summarized data from n = 4 mice per genotype are shown on the bottom. (F) T cell death analysis of indicated mouse strains. Total splenocytes from indicated mouse strains were stimulated with CD3/CD28 antibodies ex vivo for 3 d. Cells were then stained for CD8 and cell death markers and analyzed by FACS. A representative set of FACS plots is shown on the left, and summarized data from n = 4 mice per genotype are shown on the right. (G) Immunoblot of UPR proteins in indicated mouse T cells after CD3/CD28 antibody stimulation. Total T cells were isolated from spleens of indicated mouse stains, then stimulated with CD3/CD28 antibodies for 1 d. UPR proteins were detected by Western blot. Error bars: SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Student's t test. Anx V, annexin V; Casp, caspase.
Drug Administration-approved compound TUDCA prevented Sting N153S/+ T cell death in vitro and in vivo. We also observed rescue of CD8 + T cells as well as amelioration of spontaneous lung disease by crossing Sting N153S/+ to the OT-1 mouse. Given the complexity of altered TCR repertoire and homeostatic self-MHC antigen experience associated with the OT-1 allele, we do not know the exact cause of the rescue. We observed that Sting N153S/+ T cells are activated, which could be a result of T cell proliferation in an empty compartment due to lymphopenia or, alternatively, homeostatic reactivity to self-MHC-I antigens (Kieper and Jameson, 1999) . One possible explanation for the OT-1 rescue could be that OT-1 somehow reduced the threshold of self-peptide MHC reactivity of Sting N153S/+ T cells, thus reducing activation and synergistic effect with N153S. Nonetheless, these data demonstrate an important role for CD8 + T cells and possibly TCR signaling in Sting N153S/+ disease pathogenesis. Molecularly, we showed that STING activates ER stress and the UPR through a novel motif located in the helix aa322-343 that we name "the UPR motif." The UPR motif is evolutionarily conserved in most animal phyla and is distinct from the previously characterized CTT domain (required for IFN signaling) or the miniCTT. We also pinpointed two highly conserved residues, R331 and R334, as critical residues for STING-mediated UPR, and . n = 4. Error bars: SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Student's t test.
point mutations of these two residues abolished the UPR and prevented cell death induced by STING-N154S expression in Jurkat T cells.
Our data also reveal a curious function of STING on maintaining calcium homeostasis, which appears to require the UPR motif and proper localization of STING on the ER. Acute stimulation of mouse cells with STING agonist triggers a rapid increase in intracellular calcium (Kim et al., 2017) . We showed here that low-dose DMAXX stimulation also primes WT T cells for cell death after CD3/CD28 treatment, mimicking gain-offunction mutant phenotypes. These observations collectively bring out a unified model in which STING activation, either ligand dependent or independent, triggers ER-to-Golgi translocation that somehow disrupts ER calcium homeostasis. An important addition to this model comes from a recent study showing that the ER calcium sensor STIM1 moonlights as an ER anchor for STING (Srikanth et al., 2019) . We ectopically expressed the STING-anchoring domain of STIM1 (aa1-249) and found that it reduced ER stress and cell death in N154S cells. Whether STING directly regulates ER calcium homeostasis or through STIM1 or other components of the calcium signaling pathway requires further study.
The cGAS-STING pathway has been shown to regulate cellular senescence and cell death through the production of senescence-associated secretory phenotype factors and partially the p53 pathway (Glück et al., 2017; Gulen et al., 2017; Yang et al., 2017) . Our findings revealed that chronic activation of STING gain-of-function mutants do not cause T cell death directly in vivo (e.g., Sting N153S/+ OT-1); rather, these mutants chronically elevate ER stress and the UPR through disrupting calcium homeostasis that intrinsically primes T cells to become hyperresponsive to TCR signaling, thus tipping the balance toward committing cell death. We demonstrated this in the physiological disease setting in vivo and defined the molecular functional domain in vitro. Importantly, restoring at least the CD8 + T cells can largely restore tissue homeostasis of the spleen and the lung. Therefore, from the therapeutic standpoint, ER stress and the UPR are exciting molecular targets and T cells are novel cellular targets for treating STING-associated diseases such as SAVI. Several ER stress inhibitors are US Food and Drug Administrationapproved drugs with an excellent safety profile; thus, they should be considered as therapy for SAVI.
Materials and methods

Mice and cells
The Sting N153S/+ mice were generated and described previously (Warner et al., 2017) . OT-1 mice were obtained from the Jackson Laboratory. All mice were maintained in pathogen-free barrier facilities and were used in accordance with protocols approved by the Institutional Animal Care and Use Committee at University of Texas Southwestern Medical Center. For mouse treatment with inhibitors, sex-and age-matched Sting N153S/+ mice were i.p. injected with PBS or TUDCA (250 mg/kg) or QVD-OPH (10 mg/kg) three times per wk. After 14 d of treatment, mice from different treatment group were bled, and T cells from blood were analyzed by FACS. HEK293T, MEFs, and human fibroblasts were maintained in DMEM with 10% (vol/vol) FBS, 2 mM L-glutamine, 10 mM Hepes, and 1 mM sodium pyruvate (complete DMEM) with the addition of 100 U/ml penicillin and 100 mg/ml streptomycin and cultured at 37°C with 5% CO 2 . Jurkat T cells were maintained in Roswell Park Memorial Institute (RPMI) medium with 10% FBS and supplement.
Antibodies
The following antibodies were used for flow cytometry: anti-CD8α (53-6.7), anti-CD4 (L3T4), anti-CD3ε (145-2C11), anti-CD25 (PC61.5), anti-CD69 (H1.2F3), anti-CD44 (IM7), anti-CD62L (MEL-14), CD19 (1D3), CD45 (30-F11), and Ly6G (1A8) all from BD Biosciences or BioLegend. The splenocytes were stained with the indicated panel of antibodies according to the manufacturers' instructors, and then analyzed by BD FACSCalibur or BD LSR II FACs machines. Purified anti-CD3ε (145-2C11) and anti-CD28 (37.51; both from eBioscience) were used at the appropriate concentration for T cell activation. The following antibodies were used for immunoblotting analysis: anti-STING (D2P2F; Cell Signaling), anti-TBK1 (D1B4; Cell Signaling), antipTBK1 (D52C2; Cell Signaling), anti-IRF3 (D83B9, Cell Signaling), anti-pIRF3 (4D4G, Cell Signaling), anti-cleaved PARP (D64E10; Cell Signaling), anti-cleaved caspase 3 (5A1E; Cell Signaling), anti-Bip (C50B12; Cell Signaling), anti-Chop (L63F7; Cell Signaling), anti-eIF2a (D7D3; Cell Signaling), and anti-p-eIF2a (119A11; Cell Signaling).
Plasmids
The STING constructs in MRX retrovirus vector was described previously (Dobbs et al., 2015) . The human STING was cloned into the PCMV-3Tag-1b as described previously . The different truncations were cloned into the same vector with the primers listed in Table S1 . The point mutants of STING were made using the Quikchange II Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.). The STING WT and mutants were amplified with Flag tag from the respective PCMV constructs, and then subcloned into the pEasilv vector by Gibson assembly (New England Biolabs). Human STIM1 1-249 was amplified from cDNA and subcloned into the pEasilv vector. NFκB-Luc and pRL-TK were a gift from Dr. Fanxiu Zhu (Florida State University, Tallahassee, FL). NFAT-Luc was purchased from Addgene.
In vitro T cell proliferation assay and cell death assay Splenocytes were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Thermo Fisher Scientific; C34554) according to the manufacturer's instructions. The labeled cells were plated in 24-well plates coated with anti-CD3ε (10 µg/ml; 145-2C11; eBioscience) and anti-CD28 (10 µg/ml; 37.51; eBioscience) for 3 d. The cells were then collected and stained with anti-CD4 or anti-CD8 antibody for different T cell subpopulation analysis. The cell proliferation was dictated by CFSE dilution. For primary T cell death analysis, the fresh isolated splenocytes were first stained with anti-CD3, anti-CD4, or anti-CD8 antibodies to distinguish different T cell populations, and then stained with cell death marker annexin V (BioLegend) or CaspACE FITC-VAD-FMK (Promega) according to the manufacturers' instructions. Cell death was examined by FACS using BD FACSCalibur or BD LSR II flow cytometry. The DMXAA-induced T cell death experiment was performed as follows. The mouse CD4 + T was isolated from spleen with the CD4 + T Cell Isolation Kit (Miltenyi Biotec; according to the manufacturer's instructions. T cells were then stimulated with the indicated dose of DMXAA in the presence or absence of anti-CD3 and anti-CD28 antibodies. Cells were then stained with annexin V and analyzed by FACS. Alternatively, cells were analyzed for ER stress gene expression by quantitative PCR (qPCR) 24 h after treatment.
Jurkat T cell reconstitution and IncuCyte cell death assay
The human STING WT, STING N154S, STING N154S/S366A, and STING N154S/RRDD were cloned into the pEasilv lentiviral vector with N-terminal FLAG tag. The lentivirus production and transduction were described previously . Briefly, the lentivirus was produced in HEK293T cells by cotransfection of pEasilv, p8.91, and pMD2.G at a ratio of 1:1:0.5. The lentivirus was harvested and filtered to remove cell debris at 2 d after transfection. The virus was further concentrated with Lenti-X concentrator (Clontech). The Jurkat cells were transduced with high multiplicity of infection lentivirus with spin infection at 800 g for 1 h at room temperature. We usually achieve close to 100% transduction efficiency confirmed by E2-Crimson fluorescence marker expression. For the STING N154S cells, we further sorted out the N154 high-and low-expression population by flow cytometry (FACSCalibur; BD Biosciences). The Jurkat STING N154S cells were transiently induced with Dox (0.5 µg/ml) for 12 h; the E2-Crimson-positive cells were sorted into two populations, E2-Crimson high expression and low expression, which represent N154S high-and low-expressing cells, respectively. The Jurkat-N154S (low-expression) cells were further transduced with human STIM1 (1-249 aa)-expressing lentivirus to establish the Jurkat-N154S/STIM1 (1-249 aa) cell line. The cells were cultured in complete RPMI medium for 1 wk and then used for the experiment. For cell death experiments, the reconstituted Jurkat cells were induced with Dox (0.5 µg/ml) for 3 d, and then stained with annexin V for cell death analysis by FACS. Alternatively, the cells were induced with Dox for 1 d, then stimulated with PMA (10 nM) plus ionomycin (1 µM) or the indicated concentration of Tg for another day. The cells were stained with annexin V for cell death analysis. To monitor the cell death kinetics by IncuCyte S3 Live-Cell Analysis System (Sartorius), the cells were prestained with CellEvent Caspase-3/ 7 probe (Thermo Fisher Scientific; R37111), then induced with or without Dox (0.5 µg/ml) in the presence or absence of PMA (10 nM) plus ionomycin (1 µM), or Tg (50 nM) in clear-bottom 96-well plates. All wells were continuous monitored with a 10× objective that images multiple locations of each well every 2 h. Images were analyzed using the cell death software module in IncuCyte.
RNA isolation and qRT-PCR
Total RNA was isolated with TRI reagent according to the manufacturer's instructions (Sigma-Aldrich). cDNA was synthesized with an iScript cDNA synthesis kit (Bio-Rad). ITaq Universal SYBR Green Supermix (Bio-Rad) and an CFX96 Touch Real-Time PCR Detection System (Bio-Rad) were used for qRT-PCR analysis (primer sequences listed in Table S2 ). Hprt and Gapdh were used as housekeeping genes for data normalization.
Histopathological analysis of the mouse lung Lung tissue H&E staining was performed as previously described (Warner et al., 2017) . Briefly, tissue was isolated and fixed in 4% paraformaldehyde for 24 h at 4°C and resuspended in 70% ethanol before being embedded in paraffin blocks. Tissue sections were subjected to H&E staining. Samples were imaged using a slide scanner Hamamatsu Nanozoomer and viewed with Hamamatsu NDPview2 software.
Luciferase reporter assays HEK293T cells seeded on 24-well plates were transiently transfected with 100 ng of the NF-κB luciferase reporter plasmid together with a total of 300 ng of various expression plasmids and/or empty vector controls using Lipofectamine 2000. As an internal control, 10 ng of pRL-TK (Renilla luciferase) was transfected simultaneously. For the Tg-induced Ca 2+ signaling, NFAT-Luc (100 ng) and pRL-TK (10 ng) were transfected into HEK293T cells for 12 h, then stimulated with Tg overnight. Luciferase assays were then performed at 24 h after transfection according to the Promega Dual-Luciferase Reporter Assay System protocol. The relative luciferase activity was expressed as arbitrary units by normalizing firefly to Renilla luciferase activity.
Cytosolic Ca
2+ level measurements For measuring cytosolic Ca 2+ levels, the reconstituted Jurkat cells or primary T cells were loaded with 1 µM Fura-2-acetoxymethyl ester in extracellular buffer (ECB) containing 0.05% pluronic F-127 and 0.1% BSA for 30 min at room temperature, avoiding light. Loaded cells were then washed with ECB containing 0.1% BSA and incubated in ECB for another 15-30 min before the experiments. Single-cell Ca 2+ images were taken with a 10× objective or 20× objective and an automated microscope custom built on an Eclipse Ti microscope with a camera (HQ2; Photometrics). The microscope was controlled by Micro-Manager software (Chang et al., 2018) . Intracellular Ca 2+ levels were indicated by ratio of 510-nm emission excited at 340 nm over those at 380 nm.
Cytokine array
Cytokine array was performed as previously described (Warner et al., 2017) . Briefly, cohort mouse serum was collected and analyzed using the Bio-Plex Pro Mouse Cytokine Group I Panel 23-Plex Assay kit (Bio-Rad). The BioPlex Pro Assay was performed by the University of Texas Southwestern Genomics and Microarray Core according to the manufacturer's protocol.
Statistical analysis
Data are presented as the mean ± SEM. The statistical significance of differences was determined by Student's t test. Statistical tests performed are indicated in figure legends (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
Online supplemental material Fig. S1 shows chronic activation of ER stress and the UPR in the Sting N153S/+ mouse. Fig. S2 shows reconstitution of STING-N154S-mediated T cell death in human Jurkat T cells. Fig. S3 shows mapping of the critical motif and residues for STINGmediated UPR; Fig. S4 shows the OT-1 rescues CD8 + T cells in Sting N153S/+ mice. Fig. S5 shows that CD4 + T cells are not rescued by OT-1 in Sting N153S/+ mice. Table S1 lists cloning primers, and Table S2 lists qPCR primers.
